Wave-induced porewater transport in permeable sediments
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Abstract. The enhancement of diffusive transport of a solute in a permeable sediment by surface
gravity waves is investigated using a wave tank and well-sorted quartz sand (grain size = 0.35
mm). Dispersion coefficients are determined by measuring the spread of dyed water at three
depths below the sediment surface. While advective transport is believed to be the major driving
mechanism in interstitial water exchange for permeable sediments, theoretical studies suggest that
wave-enhanced diffusion may be important under certain conditions. The wave tank experiments
show that dispersion coefficients are increased 1.9 to 7.7 times over molecular diffusion. Theoreti-
cal diffusion coefficients, based on the formulation of Harrison et al. (1983), are approximately
five times larger than the observed values. Possible explanations for this discrepancy are consid-
ered. The relevance of these findings to permeable sediments on continental shelves is discussed.

Introduction

Permeable sediments, similar to those found on con-
tinental shelves, generally contain little or no organic
matter and have long been thought to be insignificant in
biogeochemical cycling (Boudreau 1999). However,
numerous factors such as oxygen penetration depths,
nutrient fluxes, and porewater advection processes all
imply the presence of diagenesis (Andersen and Helder
1987, Huettel et al. 1996, Shum and Sundby 1996). In
fact, since the agents involved in biogeochemical reac-
tions are not abundant in sands (i.e., permeable sedi-
ments), then the processes that control the reactions
may exhibit a higher efficiency than those in imperme-
able muds or clays (Boudreau 1999). Shum and Sundby
(1996) note that since little organic matter is buried
within permeable sands, porewater advection must be a
major mechanism supplying organic matter to the inter-
stitial biological community.

Early experiments have provided evidence to sup-
port this hypothesis. Huettel and Gust (1992a,b) used
advective water flows in a flume as well as a stirred
benthic chamber to examine the effect of forced advec-
tive porewater transport through a permeable sediment
bed. They demonstrated that flows over a rippled, per-
meable sediment bed could increase solute fluxes by as
much as 7 times that of a flat bed. A mathematical
model has also been used to display some wave-
induced processes. Dubbed the subtidal pump by Ried!
et al. (1972), it described how non-breaking surface
waves over a thick permeable bed could filter, through
advection, a substantial amount of mass through the
sediment. They computed that this subtidal pump, de-
fined for a continental shelf area, could potentially al-
low the entire ocean volume to pass through its perme-
able sediments in about 14,000 years.

Fewer studies have been made on the role of wave-
enhanced diffusive porewater transport. Harrison et al.
(1983) modeled this transport, calling it mechanical
dispersion, and presented several examples using an
empirical diffusion coefficient from Fried and Com-
barnous (1971). Based on their model estimates,
Harrison et al. (1983) conclude that in continental shelf
sediments, mechanical dispersion may increase the dif-
fusive transport by approximately a factor of two over
molecular dispersion. Conditions that favor wave-
enhanced transport include high sediment permeability,
shallow water depth, and large wave amplitude. They
gave several criteria for estimating whether mechanical
dispersion is significant in a particular setting. The Pe-
clet number, Pe, relates mechanical dispersion to grain
size d, such that
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where ¢ = 1.84 x 10%, h = wave number, D = water
depth, a = wave amplitude, and kg = (k/0.67) and equals
the molecular diffusion of the solute in free water. Pe >
1 is the critical threshold that Harrison et al. (1983)
contend must be met for mechanical dispersion to oc-
cur. They defined the orbit number, Or, as well, which
describes the ratio of porewater parcel motion to grain
size as
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Porewater motion that is greater than the grain size fa-
vors mechanical dispersion, yet large Or values, Or>1,
are not a requirement of dispersion dominated systems.

The wave-enhanced diffusion coefficient, a, is given
by
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when Pe > 1. The velocity magnitude, v, equals the
velocity amplitude « times a decay factor that depends
on the sediment depth y:
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Equation (5) uses £, the hydraulic conductivity to po-
rosity ratio, in terms of grain size where

k=cd (6)

Dispersion could possibly be another process
through which nutrients and organic matter cycle across
the sediment-water interface. Porewater transport is
crucial to this cycling because nutrient fluxes at the
sediment-seawater interface are potentially large. Riley
(1956) and Jorgensen et al. (1990) observed that more
than 50% of the primary production settles out through
the water column onto the seabed. As this organic mat-
ter falls out gravitationally from the overlying ocean
(Deuser et al. 1981) or is introduced from other sources
such as filtration activities of benthic organisms (Har-
grave 1976), it is microbially decomposed into inor-
ganic nutrients inside the sediment. These remineral-
ized nutrients may then travel back up to the surface by
several processes. Molecular diffusion in the sediment,
K, is slow and cannot in many cases operate at the rate
of organic matter oxidation and nutrient regeneration.
Advective porewater transport has already been shown
to be able to introduce organic matter into permeable
sediment and flush nutrients back out of the deep sedi-
ment (Shum and Sundby 1996, Huettel and Gust
1992a,b). To our knowledge, though, no studies have
looked exclusively at experimental wave-enhanced dif-
fusive transport and the role it plays in porewater
circulation.

This paper investigates wave-driven dispersion using
data collected in a wave tank with a quartz sand bottom
layer. Diffusion coefficients are estimated for various
wave conditions by measuring the spread of a neutrally
buoyant dye. The theory on wave-induced diffusive
transport by Harrison et al. (1983) is compared to the
experimental data. Our findings confirm that waves can
have a significant effect on diffusion rates within the
sediment porewater.

The paper is organized as follows. The experimental
method and setup are described in section 2. Experi-
mental results are presented in section 3 and compared
to the model of Harrison et al. (1983) in section 4. Dis-
cussion and summary follow in section 5.

Methods

We observed the effects of wave motion on porewa-
ter transport through a series of laboratory experiments
conducted in a wave tank (Fig. 1). The wave tank was
7.5 m long, 40 cm deep, and 15 cm wide. To simulate a
permeable marine environment, the tank was filled with
a 15-cm-high bed of washed quartz sand (grain size =
0.35 mm). We fashioned braces out of clamps and
wood segments that strengthened the sides of the tank
enough to contain the 270 kg of sand. We filled the tank
with approximately 150 liters of freshwater, which
yielded a still water depth of 10 cm from the top of the
sediment surface. “Fore-reef” and “beach” areas were
fabricated out of plexigas; the former served as a transi-
tion from the wave paddle to the sediment bed, while
the latter dampened the waves as they reached the far
end of the tank.
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Figure 1. Schematic drawing of the wave tank..

An electrically driven paddle controlled by a setting
dial generated the waves. The waves propagated over
the entire length of the tank until breaking upon the
“beach”. Wave frequencies ranged from relatively low
(0.4 Hz) to medium (0.99 Hz) to high (1.95 Hz). Table
1 shows the wave characteristics for each different
wave used. The setup of the wave tank made frequency
correspond to wave amplitude—the higher frequency
waves had higher amplitudes.

Table 1. Wave characteristics of 3 waves studied

0.4 Hz 0.99 Hz 1.95 Hz
amplitude (a) 0.0052m 0.0l m 0.017 m
wave number (h)  2.56 6.76 16.53
wavelength (A\) 2.45m 0.93 m 0.38 m

We conducted the experiments in the following
manner. For each run, wave characteristics were re-
corded manually with a metric ruler and stopwatch, as
well as through a sensitive differential pressure trans-
ducer. The pressure gauge, connected to a tube placed
at the sediment surface, detected the waves passing
overhead by measuring the varying pressures created by
the wave crests and troughs. A static calibration test
was used to relate transducer output voltage levels, x,
with wave heights, y (cm), where y = (78.096x)-102.32.
A problem with 50/60 Hz noise was fixed by resetting
the software before each run. The data were logged
onto the hard disk of a portable computer using NI-



DAQ software (MFG.) at a sampling rate of 10 Hz and
analyzed using MATLAB.

The pressure gauge was also used to measure the
wave signal and penetration into the sediment. An inlet
from the pressure gauge was placed at 3 depths within
the sediment (4 cm, 8 cm, 12 cm) and we ran a spectral
analysis on each data set (Haberstroh and Sansone
1999b). In this way, we observed which waves lose the
most energy with depth in the bed.

To estimate the dispersion coefficient, we placed
small amounts of food coloring dye in the sand next to
the plexiglas sidewall to observe the porewater move-
ment visually. Methanol and water were added to make
the dye neutrally buoyant (8 ml water : 4 drops dye : 1
drop methanol). We conducted a control experiment to
compute a rough estimate of the molecular diffusion
coefficient in the sediment, k (m*s), when no wave
motion occurred, for comparison to the wave-induced
dispersion coefficient, o (m?/s).

We noted that the presence of the sidewall undoubt-
edly affected the dispersion measurement, yet we were
primarily interested in relative rates between the vari-
ous runs, and so we assume that the sidewall would
affect each run similarly. We calculated wave-enhanced
dispersion coefficients using

1 do?
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where ¢ is the variance of the dye concentration and ¢
is time. However, we were unable to obtain accurate
measurements of the concentration distribution without
significantly disturbing the experiment as it was under-
way. Instead, we measured the areal changes of the dye
patch as viewed through the plexiglas sidewall. The
transition between the dye patch and porewater was
generally sharp; enough so that we assumed that 95%
of the dye resided within the user-specified patch area.
By further assuming that the concentration was Gaus-
sian distributed (Papoulis 1991), we obtained

oL dxdB)
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where A and B were the observed major and minor axes
of the dye patch.

Results

Dye experiments

We found that the diffusion coefficient increased due
to wave motion for all depths and waves tested. Figure
2 displays the dispersion occurring visually. This sam-
ple shows the sidewall of the wave tank where the dye
was injected, the top left at # = 0 hr., the other three at ¢
= 4 hr.. It is obvious that the high frequency wave,

which had the largest amplitude, forced the most dis-
persion, seen in the bottom right picture. Advective
movement (translation) of the dye was not considered
into the diffusive flux coefficient, since it was a product
of a lateral porewater movement. The scale of advective
movement was estimated to be about 1 cm, so we as-
sumed it had a negligible effect on the dispersion. As
the waves passed overhead, the thin sediment in the
wave tank caused the horizontal diffusion transport to
be significantly larger than the vertical movement. This
can be seen in Figure 2 as well, where the impermeable
bottom and shallow sediment depth cause elliptical or-
bits to form along a plane parallel to the bottom. Table
2 displays the different rates of diffusive fluxes, o, for
varying wave frequencies, and includes the measured
control flux, k. A value of 5.8 = 0.2 (x 10" m?/s) was
reached for ¥ by running the control 10 times and aver-
aging the results. The ratio a/K gives the factor increase
of the wave-enhanced diffusion over the molecular dif-
fusion.

Figure 2 — Visual images of dispersion occurring. Top left
picture is control, and bottom right is the highest frequency
wave (1.99 Hz). The greatest dispersion was computed for
this wave type, and is clearly seen in the pictures.

Table 2. Values of measured o ( x 107 mz/s) and o/x, for
varying depths and frequencies, along with k from the control
experiment

Measured a/K

Depth (cm) 0.4 Hz 0.99 Hz 1.95 Hz Control
4 1.4.24) 43(74) 4507 0.58
8 1.3(2.2) 3.1(5.3) 3.4(5.7) 0.58
12 1.1(1.9) 2.6(4.4) 1.7(2.9) 0.58




The ratio a/k ranges from 1.9 to 7.7 depending upon
wave conditions and depth within the sediment. The
reduction of a/k with depth reflects the decay in wave
energy within the sediment bed (see results from the
energy attenuation experiment below).

The weakest diffusion coefficients were obtained for
the low frequency wave, 0.4 Hz, which also had the
smallest amplitude tested (a = 0.0052 m). The observed
o was almost continuous through the sediment bed be-
cause the low frequency wave did not attenuate with
depth as fast as the higher frequency waves. The largest
a were seen in the higher frequency, higher amplitude
waves.

Attenuation experiment

The attenuation of the wave in the sediment was meas-
ured in two ways: the percent energy attenuation of the
dominant wave harmonic versus depth, and the percent
attenuation of the pressure variance (all frequencies)
versus depth. Figure 3 shows the results from each
method separately. Although there was significant
damping of all waves at even the shallow 4 cm depth,
the higher frequency waves (1.0 Hz and 1.95 Hz) at-
tenuated by 95% at a depth of 12 cm. The low fre-
quency wave (0.4 Hz) seemed to stay at an almost con-
stant level after the initial energy loss at 4 cm depth.
For example, the 1.95 Hz wave lost 83.1% of its energy
at 4 cm, and kept losing energy until it had decayed
98.8% at the bottom depth of 12 cm. In contrast, the 0.4
Hz wave dissipated 47.9% at 4 cm, and actually gained
energy at the bottom depth, where attenuation equaled
only 42.9%. It is not known whether measurement error
or perhaps the presence of the impermeable bottom
boundary caused this pressure profile with depth.

Figure 4 depicts the actual spectra of each wave at
the surface and at a depth of 12 cm. Again the ampli-
tudes of the peaks decrease from the surface plot to the
12 cm depth plot by at least one order magnitude. Har-
monics, multiples of the dominant wave frequency, can
be seen in Fig. 4 in the surface plots for each wave.
These harmonics are damped out at depth, more so at
higher frequencies. These data were compiled from
three replicate runs of the same experiment. Frequen-
cies and attenuation percentages are averages of the
three runs.
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Figure 3. Surface wave energy attenuation (percent vs
depth. Top plot is calculated from wave spectra; bot-
tom plot is calculated from the variance of the wave
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Comparison to model

We next compare the theory of Harrison et al.
(1983) for wave-induced mechanical dispersion with
our wave tank measurements. The Peclet and orbit
numbers, from equations (1) and (2) respectively, were
calculated for each dye experiment (Table 3).

Table 3. Simulated and measured dye fluxes; Pe and Or
for each wave frequency

Simulated Measured

Pe Or a/K a/K
0.40 Hz:
4cm | 10.5 0.06 9.2 2.4
8cm | 9.5 0.05 8.3 2.2
12cm | 8.6 0.05 7.5 1.9
0.99 Hz:
4cm | 37.6 0.09 32.7 7.4
8cm | 28.7 0.07 24.9 53
12cm | 21.9 0.05 19.1 4.4
1.95 Hz:
4cem | 57.3 0.07 49.7 7.7
8cm | 29.6 0.03 25.7 5.7
12cm | 153 0.02 13.2 2.9

According to Harrison et al. (1983), since every
wave frequency had Pe > 1, mechanical dispersion was
a factor in porewater movement. Small orbit numbers
(Or <1 for every wave set) are estimated for each ex-
perimental run. They noted that in periodic motion, Pe
might be greater than one while the orbital motion was
less than the grain size, which seemed to be the situa-
tion in our case.

Simulated data, computed by substituting our wave
and sediment characteristics into the Harrison et al.
(1983) model, are displayed in Figures 5 and Figure 6.
Figure 5 shows the simulated diffusion coefficients
versus the measured diffusion coefficients as a function
of depth and frequency. Sampling error is shown as + 1
standard deviation. Modeled dispersion coefficients
were calculated to be at least 5 times greater than the
diffusion coefficients observed in the wave tank.

Several factors might account for the significant dis-
crepancy between modeled and experimental values.
Our sediment was relatively thin, with an impermeable
bottom, which likely sets up a bottom effect that could
have potentially altered the porewater velocity profile,
which is assumed to decay exponentially in the model.
The factor a/cosh AD, in equation (4), represents the
amplitude of the seabed pressure variation, expressed as
a head, estimated from linear wave theory (Lamb 1945).
Figure 6 plots the measured pressure values, obtained
from the attenuation results in the above section,
against the simulated pressure heads versus depth. To
compute the simulated pressure values at the desired
depths, we multiply the pressure at the surface times the
decay factor, so that

P(y)=Py-e™ ®)
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Figure 5. Measured values of a (stars), the wave-
enhanced diffusive flux, plotted with simulated values
of a (squares). The red line is the porous medium mo-
lecular diffusion, k. Error bars are + standard devia-
tion.
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In this case, the actual pressure heads fall within
range (=1 standard deviation) of the simulated pressure
heads. This is a check that our data are not too far off,
and thus the discrepancy seen in Fig. 5 potentially
stems from some other cause.

Sidewall effects might have contributed to the dis-
parity as well, since the model did not account for lat-
eral boundaries. Friction due to the sidewall might have
retarded the flow of the porewater. Recall as well that
the model used sets of empirical data taken from Fried
and Combarnous (1971) to formulate its predictions.
However, the experiments of Fried and Combarnous
(1971) utilized a unidirectional flow instead of the os-
cillatory flow seen in a wave tank. Thus, it was possible
that the model overestimated the porewater velocities.
Also, the friction of the sand itself might have contrib-
uted to the measured values being smaller, since the
model assumes smooth spheres for its sediment grains.
Two possibilities are presented: the model could be
overestimating the porewater velocities and/or the
measurements we obtained were diminished because of
the above mentioned factors.

Summary and Discussion

Since the simulated values of Harrison et al. (1983)
depend directly upon wave amplitude, wave number,
and grain size, from egs. (3), (4), and (5), we can esti-
mate what would occur if these parameters vary. In-
creasing the wave amplitude would increase the pore-
water velocity and similarly increase the mechanical
dispersion. An increase in the grain size, and thus per-
meability would have the same effect.

We can also compare the wave enhancement effect
on dispersion for a typical continental shelf environ-
ment. Assuming that, D=10 m, d=0.16 mm, A=60 m,
and a=0.75 m, then Pe and Or are estimated to be 2.5
and 0.32, respectively from eqgs. (1) and (2). These
numbers are similar to the Peclet and orbit numbers that
we calculated for our wave tank experiments, for which
our values ranged from 1.9 to 7.7. Our wave tank tests
appear to be applicable to a physically realizable situa-
tion. Our data certainly show that slight changes in
wave amplitude and grain size could substantially affect
mechanical dispersion.
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Figure 7 graphs the ratio of the wave-induced flux to
the molecular flux, o/k. We used the measured k value,
5.8 (x 10" m?¥s). It is obvious from Fig. 7 again that
the simulated data far exceed, by about 5 times, the
measured values. However, using regimes defined by
Fried and Combarnous (1971), mechanical dispersion
in our wave tank environment was predominant. These
regimes categorize the influence of dispersion on a sys-
tem: (a) pure molecular diffusion; (b) dispersion super-
position where a/k becomes appreciable; (c) predomi-
nant mechanical dispersion; and (d) pure mechanical
dispersion. Graphing these regimes using the Peclet
number and the ratio a/k, our data fell well within re-
gime c. Figure 8 depicts this relationship; the graph is
altered from Fried and Combarnous (1971).
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Figure 8. Peclet number dependence on a/k.

In summary, wave-enhanced diffusion can be a sig-
nificant source of porewater transport that depends di-
rectly upon wave properties and sediment permeability.
For larger sediment grain sizes, such as in a coral reef
or coarse sand environment, this dispersion may actu-
ally become even more dominant. In favorable condi-
tions such as these where D=5m,a=0.5m,andd=2
mm, Pe was estimated at 5000, with an o/k of about
7000 (Harrison et al. 1983). Future work should strive
to test these values experimentally, as well as examine
many more varieties of waves and sediments. Clearly,
the discrepancy found between the modeled and meas-
ured values should also be resolved.
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